The influence of frequency on fatigue crack growth (FCG) behavior was investigated for three differently heat-treated 17-4 PH stainless steels, namely unaged ''Condition A,'' peak-aged ''Condition H900,'' and overaged ''Condition H1150,'' at 673 and 773 K, and at frequencies ranging from 0.002 to 20 Hz. At 773 K, all heat-treated conditions exhibited similar FCG behavior in which no frequency effect was observed at frequencies higher than 2 Hz and the fatigue crack growth rates (FCGRs) increased with decreasing frequency below 2 Hz. The increase in FCGR at a lower frequency at 773 K was thought to be caused by a time-dependent, oxidation-assisted cracking mechanism. At 673 K, for a given heat-treated condition, the FCGRs increased with decreasing frequency at higher frequencies and leveled off at lower frequencies. Such an anomalous FCG behavior was attributable to a dynamic strain aging (DSA) effect. At a given frequency, when the temperature was increased from 673 to 773 K, the FCGR increased in Condition H1150, but decreased in Conditions A and H900 due to an in-situ overaging and precipitate-coarsening effect during the FCG test for the latter.
Introduction
17-4 PH is a typical martensitic precipitation-hardening stainless steel that is widely used as a structural component for various applications, such as in nuclear, chemical, aircraft and naval industries, due to its excellent mechanical properties, good fabrication characteristics and excellent corrosion resistance.
1) The 17-4 PH alloy is most often supplied from the mill in a solution-annealed condition (Condition A), in which the microstructure is comprised of low-carbon equiaxed martensite and up to several volume percent offerrite stringers. [1] [2] [3] A wide range of mechanical properties can be obtained through suitable heat treatments in the temperature range of 723-894 K. [1] [2] [3] [4] [5] [6] Maximum strength and hardness values are generally obtained after aging at 723 to 783 K, during which coherent copper-rich precipitate clusters are formed. [1] [2] [3] Aging at higher temperatures (above 813 K) leads to formation of large, incoherent copper-rich precipitates which results in lower strength and hardness and an enhancement of toughness. [1] [2] [3] Microstructure, mechanical and fatigue properties of 17-4 PH stainless steel at room temperature have been studied by many investigators. 2, [7] [8] [9] [10] [11] However, as many applications of 17-4 PH stainless steel are subjected to cyclic loading at high temperatures, it is important to characterize the fatigue behavior of this alloy at high temperatures. Since engineering structures often contain flaws or crack-like defects, a study on the fatigue crack growth (FCG) behavior of 17-4 PH stainless steel at high temperatures is of great importance for the design and life prediction of its various applications. Although there are a few investigations focused on the high-temperature characteristics of 17-4 PH stainless steel, 7, [12] [13] [14] [15] [16] [17] study on the high-temperature FCG behavior is very limited 17) and lacks consideration of the frequency effect. Frequency is an important factor governing FCG behavior at high temperatures because time-dependent mechanisms, such as creep and oxidation, may take place during fatigue loading. It is therefore important to characterize the influence of frequency on the high-temperature FCG behavior of the 17-4 PH alloy to better predict the service life of components made from this material.
As part of a series of studies on the high-temperature fatigue and mechanical properties of 17-4 PH stainless steel, [13] [14] [15] [16] [17] the aim of this study is to characterize the influence of loading frequency on the high-temperature FCG behavior of variously heat-treated 17-4 PH stainless steels by conducting systematic experiments at 673 and 773 K.
Experimental Procedures
A commercially available 17-4 PH stainless steel was used in the present work and supplied by the vendor in the form of hot-rolled, solution-annealed plates. The chemical composition of this steel in mass% is 15.18 Cr, 4.47 Ni, 3.47 Cu, 0.65 Mn, 0.38 Si, 0.2 (Nb þ Ti), 0.15 Mo, 0.03 S, 0.02 C, 0.016 P, and balance of Fe. Three different types of heat treatments were applied to the specimens, namely as-received ''Condition A,'' peak-aged ''Condition H900,'' and overaged ''Condition H1150.'' For Condition A, specimens were heated to 1311 K (1900 F), held for 0.5 h and cooled to room temperature in air. For Conditions H900 and H1150, specimens were first heat treated as in Condition A and then aged at 755 K (900 F) for 1 h or 894 K (1150 F) for 4 h, respectively, followed by air cooling. Mechanical properties at room temperature for each condition are listed in Table 1 . Condition H900 shows the greatest strength and hardness but also has the least toughness, while Condition H1150 shows the least strength but greatest toughness among the three conditions. Details of the mechanical properties at high temperatures for these three heat treatments can be found in Refs. 13, 14) .
FCG tests were conducted on a commercial closed-loop servohydraulic test machine at 673 and 773 K in laboratory air. A commercial two-zone, SiC-heated furnace was used to heat the specimens. A set of FCG tests were performed according to ASTM E647 under constant load control with a triangular loading waveform at a load ratio of R ¼ 0:1 and frequencies of 0.2, 2 and 20 Hz. This type of test generated a complete curve describing the fatigue crack growth rate (FCGR) as a function of the stress intensity factor range (ÁK) for each given testing condition. Pin-loaded single-edgenotched-tension (SENT) specimens ( Fig. 1 ) with a thickness of 3 mm were used. Crack length was measured by a directcurrent potential drop (DCPD) technique. Johnson's equation 18) was used to calibrate the measured potential drop to crack length, and a post-test crack length correction was made after each FCG test. The stress intensity factor was determined by the following equation: 19) 
where K I is the stress intensity factor, P is the applied load, B and W are the thickness and width of the test specimen, respectively, and a is the crack length. Before each hightemperature FCG test, the specimen was first fatigue precracked at room temperature and then held in the furnace at testing temperature for 15 min in order to reach thermal equilibrium. Additional FCG tests under constant K control were carried out at a selected ÁK of 30 MPa m 1=2 and frequencies from 0.002 to 20 Hz with an interval of one order using a single specimen for each given combination of material and testing temperature. This type of test generated a set of FCGR data at various frequencies under a selected ÁK value for each given material-testing temperature condition. For this type of test, after the crack grew more than 1 mm at a specific frequency, the loading frequency was switched to another one until all given frequencies were applied to the same specimen. The sequence of applied frequencies was chosen so that changes in FCG behavior between frequencies could be clearly observed on the fracture surface. These FCG marks at various frequencies were used for post-test crack length calibration. Some of the FCG tests in both types were repeated to check the degree of data repetition. As these repeated tests showed very good repetition of experimental results, only one set of data were presented for each testing condition in the following discussion. Some of the specimens under constant K control testing were polished on the side surfaces before testing in order to observe the slip band morphology along the crack path. Scanning electron microscopy (SEM) was used for characterization of the fracture surface and the slip band morphology. (Fig. 2(c) ), except that the FCGR curves merged at lower frequencies (0.2 and 2 Hz). On the other hand, although the FCGRs at 773 K for Conditions H900 and H1150 (Figs. 3(b) and (c)) at 0.2 Hz were slightly higher than those at higher frequencies (2 and 20 Hz), the differences in FCGR among the given frequencies were not so pronounced at 773 K compared with those at 673 K.
It is generally accepted that crack growth mechanisms at high temperatures could be cycle-dependent, time-dependent, or a combination of the two. 20) Cycle-dependent crack growth is a pure fatigue damage process in which crack growth rates do not vary with frequency and the fracture mode is mainly transgranular. Time-dependent crack growth processes, such as creep or oxidation, are thermally activated and sensitive to temperature; the time for a crack to propagate a specific distance is constant and the fracture mode is mainly intergranular. If both time-and cycle-dependent crack growth mechanisms contribute to crack growth, mixed time/cycle-dependent crack growth behavior will occur and the fracture mode is a mixture of intergranular and transgranular cracking. Time-dependent crack growth behavior generally occurs at high temperatures and low frequencies while cycle-dependent crack growth behavior occurs at low temperatures and high frequencies. At intermediate temperatures and frequencies, mixed time/cycle-dependent crack growth behavior might take place. 21) The FCGRs for variously heat-treated 17-4 PH stainless steels at 773 K in the present work showed no significant change with frequency, indicating cycle-dependent crack growth behavior at the given frequency range, in particular, for Condition A. Fracture surface observations also exhibited a predominantly transgranular fracture mode suggesting that time-dependent crack growth mechanisms, such as creep and/or oxidation, have negligible effect at the testing frequencies of 0.2, 2 and 20 Hz at 773 K. The slightly higher FCGRs for 0.2 Hz at 773 K in Conditions H900 and H1150 may be attributed to a certain extent of time-dependent effect and imply a beginning of mixed time/cycle-dependent crack growth behavior, but this could not be confirmed by the fracture surface observations.
The increase of FCGR with decreasing frequency at a given high temperature was generally attributed to timedependent intergranular cracking mechanisms, as mentioned above. The FCG behavior for variously heat-treated 17-4 PH stainless steels at 673 K, however, might not be due to such time-dependent intergranular cracking mechanisms. Since time-dependent crack growth mechanisms are thermally activated and are proposed to have a more pronounced effect at higher temperatures, it is not reasonable to say that the time-dependent mechanisms which had negligible or little effect at 773 K would significantly affect the FCG behavior at a lower temperature (673 K). The merged FCGR curves for Condition H1150 under 0.2 and 2 Hz at 673 K also conflicted with the generally observed FCG behavior. Furthermore, the fracture modes at different frequencies for a given heattreated condition at 673 K were mainly transgranular (Fig. 4) . This suggested that the aforementioned time-dependent crack growth mechanisms, which would generate intergranular cracking, were not involved in the FCG processes of the given 17-4 PH alloys at 673 K. In order to more completely understand the effects of frequency on the FCG behavior of variously heat-treated 17- 1=2 . This confirms the validity of data generated by the K-control FCG tests. As shown in Fig. 5(b) , the FCGR at ÁK ¼ 30 MPa m 1=2 for a given heattreated condition at 773 K was increased markedly at frequencies lower than 0.2 Hz. The steady increase of FCGR with decreasing frequency indicated that an increasing effect from certain time-dependent mechanisms and a mixed inter/ transgranular fracture mode might be expected at frequencies lower than 0.2 Hz. Indeed, intergranular cracking features in addition to normal transgranular cracking were found on the facture surfaces for all given heat-treated specimens at these low frequencies. Since the fracture surface features for all specimens tested at 773 K were similar, only those of Condition H900 were shown in Fig. 6 as an example. The fracture mode at 0.002 Hz (Fig. 6(b) ) was mixed with intergranular and transgranular cracking compared with that at 20 Hz (Fig. 6(a) ) which was mainly transgranular. Therefore, the increase in FCGR with decreasing frequency below 0.2 Hz at 773 K could be ascribed to certain time-dependent crack growth mechanisms. As no creep-like damages, such as voids and/or grain boundary sliding, were observed, the creep mechanism was thought to have a negligible effect for the given testing frequencies and temperatures. On the other hand, oxidation on all of the cracked surfaces was observed and crack branching, which is a feature that is generally observed for oxidation-assisted cracking, 21) was frequently found in the fractography analysis in the current study. A side view of the fracture surface for Condition A tested at 773 K and 0.002 Hz is shown in Fig. 7 as an example. Crack branching can be clearly seen in Fig. 7 and the existence of an oxide layer on the crack surface was confirmed by energy dispersive spectroscopy (EDS) analysis. In addition, oxidation took place during cyclic loading and affected the high cycle fatigue behavior for the given variously heat-treated 17-4 PH stainless steels at high temperatures. 13) Therefore, the primary time-dependent crack growth mechanism at 773 K was thought to be an oxidation-assisted cracking mechanism in the present study.
The FCG behavior of variously heat-treated 17-4 PH stainless steels at 673 K and at frequencies ranging from 0.002 to 20 Hz (Fig. 5(a) ) was significantly different from that at 773 K (Fig. 5(b) ). Unlike the generally observed FCG behavior at high temperatures, 22) the increase of FCGR with decreasing frequency at 673 K occurred at the region of higher frequencies instead at lower frequencies. Note that no frequency effect was observed at 673 K for frequencies less than 0.2 Hz in each given heat-treated condition. Although the specific frequency ranges at 673 K in which the FCGR was increased with a decrease in frequency were different among the given heat-treated conditions, they all showed a similar trend. In addition to the anomalous frequency effect on the FCG behavior at 673 K, the fracture modes at all given frequencies were mainly transgranular; no intergranular cracking was observed even at the lowest frequency (0.002 Hz). This evidence suggested that the aforementioned time-dependent oxidation-assisted crack growth mechanism had little effect on the FCG behavior of 17-4 PH stainless steel at 673 K. This temperature might be still too low or the testing frequencies may still be too high for this timedependent intergranular cracking mechanism to take place. The anomalous FCG behavior of 17-4 PH stainless steels at 673 K and various frequencies may be explained by other mechanisms. When cracked materials are subjected to cyclic loading, narrow slip bands of dislocations are generated, due to stress concentration, in front of the crack tip on the planes at 45 to the applied loading direction. The crack is advanced by sliding of dislocations along the slip bands by a well-known mechanism called the ''plastic blunting process '' 23) in which the distance of the crack advance is proportional to the amount of sliding. For pure fatigue cracking, crack growth is dominated by this plastic blunting mechanism and slip character. Strain rate, temperature and microstructure would influence the slip character in front of the crack tip and the resulting FCGR. 24) Planar slip could cause softening in the slip bands resulting in localized plastic deformation, i.e. sliding of dislocations. 25) Therefore, a higher intensity of planar slip bands would result in a larger amount of sliding in front of the crack tip and higher FCGRs. For Conditions H900 and H1150, it was found that the microstructures did not show significant changes when exposed at 673 K. 13, 14) Therefore, the increase in FCGR with decreasing frequency at the high frequency range at 673 K was thought to be caused by some thermally activated processes which increase the intensity of planar slip bands with the length of time in a cycle. Indeed, an increasing intensity of planar slip bands with decreasing frequency was observed along the crack path on the side surface of the specimen and the difference in slip band morphology at 0.02 and 20 Hz for Condition A is shown in Fig. 8 as an example. Furthermore, the degree of slipband-intensity, which is enhanced by such thermally activated processes, would reach a saturated, maximum level when the loading time in a cycle exceeded a certain value. This was also confirmed by the observation of slip band morphology on the side surfaces of the testing specimens. In this regard, the frequency effect on the FCG behavior of the given alloys at 673 K became saturated when the testing frequency was reduced to a certain value, namely 0.2 Hz for Conditions A and H900 and 2 Hz for Condition H1150. Such frequency effects on FCG behavior of 17-4 PH alloys at 673 K could be explained by a dynamic strain aging (DSA) effect. Since serrated flow in a tensile stress-strain curve is a typical manifestation of DSA, monotonic tensile tests for variously heat-treated 17-4 PH steels were conducted at 673 K under a displacement rate of 0.5 mm/min to provide the evidence of DSA. The results of these experiments are shown in Fig. 9 . Serrated flow in the tensile stress-strain curves can be clearly seen in Fig. 8 , indicating that DSA can take place at 673 K for all given heat-treated conditions. It has also been observed that DSA indeed took place during cyclic loading and played a very important role in the low cycle fatigue behavior for the given variously heat-treated 
17-4 PH alloys at 673 K.
16) The influence of DSA on FCG behavior for the given material and testing condition will be discussed below.
For materials containing solute atoms, such as 17-4 PH stainless steel, solute atom atmospheres would be formed around the dislocations. These atmospheres could pin down dislocations and make them more difficult to move. When dislocations move away from atmospheres as a result of plastic deformation, solute atoms would diffuse to the new locations of dislocations to form new atmospheres around the dislocations after a sufficient amount of time. This phenomenon, where materials become harder due to the interaction between solute atoms and dislocations as a result of aging after plastic deformation, is called strain aging. Since the diffusion rate of solute atoms is a function of temperature, higher temperatures require less aging time. At a sufficiently high temperature, solute atom atmospheres would interact with dislocations during deformation; this is called DSA. 26) It was found that the intensity of planar slip bands would increase with the DSA effect because the pinning effect of solute atoms would make dislocation climb and cross-slip much more difficult. 27, 28) Therefore, it could be expected that the FCGR would increase with the occurrence of DSA because of a greater intensity of slip bands. In addition, the influence of DSA on FCG would be enhanced with decreasing frequency, as the time in a cycle for solute atoms to diffuse and form atmospheres around dislocations is increased. However, it is likely that when the loading frequency is reduced to a certain level, the moving rate of dislocation (or strain rate) might become equal to or lower than the diffusion rate of solute atoms such that new solute atom atmospheres form immediately as dislocations move. Therefore, the influence of DSA would not increase with a further decrease in frequency and the FCGR would become frequencyindependent at this low frequency region, as shown in Fig. 5(a) for the given 17-4 PH alloys at 673 K.
For Condition H900, the degree of variation of FCGR with frequency at 673 K is markedly greater than that of H1150 in the situations where DSA was present. For 17-4 PH stainless steel, the degree of the DSA effect is highly related to the amount of Cu solute atoms in the matrix. 16) In an overaged condition such as H1150, large, incoherent Cu-rich precipitates were formed and a lower content of Cu solute atoms were left in the matrix as compared with Condition H900 in which small, coherent precipitates formed. As a result, the intensity of the DSA effect for Condition H1150 was reduced, leading to a smaller variation of FCGR with frequency, compared to Conditions A and H900. The DSA effect should be the most pronounced in Condition A, a solution annealed condition in which no precipitate was formed in the matrix, among the given three heat-treated conditions. Indeed, at 673 K, both the degree of serrated flow in the tensile stress-strain curve and the variation of FCGR with frequency at higher frequencies were the greatest for Condition A relative to the other two heat-treated conditions. Consequently, it can be suggested that the increase in FCGR with decreasing frequency at higher frequencies and the leveling of FCGR at lower frequencies for all given heattreated conditions at 673 K were mainly due to a DSA effect at the crack tip during fatigue loading. At 773 K, large, incoherent Cu-rich precipitates formed in all given 17-4 PH alloys (this will be discussed in next section) and thermal dislocation recovery activities, which would decrease the DSA effect, became more effective 16) leading to a negligible influence of DSA effect on the FCG behavior at 773 K. As a consequence, the frequency-dependent FCG behavior at 773 K for the given 17-4 PH alloys was primarily associated with an oxidation-assisted cracking mechanism. (Fig. 5) under a constant ÁK of 30 MPa m 1=2 at a wider frequency range (0.002 to 20 Hz), the trends of the differences in FCGR among the given heattreated conditions can be clearly seen. At 673 K (Figs. 5(a) and 10), Conditions H900 and H1150 exhibited the highest and lowest FCGRs at all given frequencies, respectively, while Condition A exhibited intermediate FCGRs of which the differences to H900 decreased with frequency. At lower frequencies (0.002 to 0.2 Hz), the FCGRs for Conditions A and H900 at 673 K were almost the same. In contrast to the significant differences in FCGR at 673 K among variously heat-treated 17-4 PH alloys, comparable FCGRs were observed at 773 K for the given alloy regardless of the heat-treated condition and loading frequency, as shown in Figs. 5(b) and 11. At 673 K, the microstructure of Conditions H1150 and H900 did not show significant changes during testing and differences in FCGR were attributed to variations of intensity in planar slip bands for the given 17-4 PH alloys, as described above. Note that the initial aging-treatment temperatures for both H900 and H1150 were higher than the FCG testing temperature of 673 K. For Condition H900, a peak-aged condition which has fine, coherent copper-rich precipitates in the matrix, dislocations generated under cyclic loading can easily cut through the precipitates while recovery activities such as dislocation climb and cross-slip would be restricted by precipitates resulting in a high intensity of planar slip bands. 25) On the other hand, for Condition H1150, an overaged condition which has large, incoherent copper-rich precipitates that cannot be cut through and must be bypassed by dislocations, a more homogenous deformation would occur at the crack tip leading to a lower intensity of planar slip bands under cyclic loading. 25) Therefore, higher FCGRs induced by a greater intensity of planar slip bands were expected for Condition H900 in comparison with Condition H1150 at 673 K and at all frequencies.
For Condition A, it was found that an in-situ precipitationhardening effect would take place when exposed at 673 K, resulting in the formation of fine, coherent copper-rich precipitates. 13, 14) The precipitation morphology and the related FCG behavior of Condition A would become some- what similar to those of Condition H900 when the testing time of FCG was sufficient, as confirmed by an early study. 17) When the loading frequency was reduced, it was expected that more time was available for Condition A to proceed through the precipitation process and that it would have a microstructure closer to that observed in Condition H900. Thus, the decreasing differences in FCGR between Conditions A and H900 with a decrease in frequency in the region above 0.2 Hz could be attributed to an increasing in-situ precipitation-hardening effect taking place in Condition A during the FCG test. When the loading frequency was reduced to 0.2 Hz and below, the precipitation morphology and associated FCG behavior of Condition A became comparable with those of Condition H900 due to a much longer exposure time during which the precipitation process occurred.
At 773 K, changes in microstructure during FCG testing for variously heat-treated 17-4 PH stainless steels were different from those at 673 K. Note that 773 K is higher than the initial aging temperature for Condition H900 (755 K), but is still lower than that for Condition H1150 (894 K). Therefore, the microstructure of Condition H1150 was not significantly changed when tested at 773 K relative to 673 K. For Condition H900, on the other hand, initial precipitates would become coarser when exposed at 773 K. Condition A, a solution-annealed condition, would undergo an in-situ overaging treatment at 773 K resulting in formation of large, incoherent precipitates. 13, 14) The precipitation morphology of Conditions A and H900 during the FCG test would then become more and more similar to that of Condition H1150, as confirmed in our earlier work. 17) In this regard, the related FCG behavior for the given variously heat-treated alloys would be comparable with each other at 773 K and at all given frequencies. Such equivalent FCGRs observed for variously heat-treated conditions, even at the highest frequency (20 Hz), indicated that the exposure time needed for formation of large, incoherent precipitates at 773 K was very short for Conditions A and H900.
Conclusions
(1) At 773 K, the FCGRs increased with a decrease in frequency at frequencies lower than 2 Hz for all given heat-treated conditions. The increase in FCGR was caused by an oxidation-assisted cracking mechanism which was more effective with a longer loading period in a cycle. (2) At 673 K, the FCGRs for a given heat-treated condition increased with decreasing frequency at higher frequencies and leveled off at lower frequencies. The anomalous FCG behavior was due to differences in the extent of the dynamic strain aging effect at various frequencies. (3) The FCGRs for all given heat-treated conditions at 773 K were comparable with each other. At 673 K, Conditions H900 and H1150 exhibited the greatest and the least FCGRs, respectively, while Condition A exhibited intermediate FCGRs of which differences from those of H900 decreased with frequency. (4) The FCGRs of Condition H1150 increased with an increase in temperature from 673 to 773 K, while opposite trend was found for Conditions A and H900. Such different trends could be attributed to an in-situ overaging and precipitate-coarsening process occurring in Conditions A and H900 during FCG testing at 773 K.
